Parkinson disease (PD) compromises oropharyngeal swallowing, which negatively affects quality of life and contributes to aspiration pneumonia. Dysphagia often begins early in the disease process, and does not improve with standard therapies. As a result, swallowing deficits are undertreated in the PD population. The Pink1 -/-rat is used to model PD, and demonstrates widespread brainstem neuropathology in combination with early-onset sensorimotor dysfunction; however, to date, swallowing behaviors have not been evaluated. To test the hypothesis that Pink1 -/-rats demonstrate early-onset differences in swallowing, we analyzed within-subject oropharyngeal swallowing using videofluoroscopy. Pink1 -/-and wildtype (WT) controls at 4 (Pink1 -/-n = 16, WT = 16) and 8 (Pink1 -/-n = 12, WT = 12) months of age were tested. The average and maximum bolus size was significantly increased in Pink1 -/-rats at both 4 and 8 months. Bolus average velocity was increased at 8 months for all animals; yet, Pink1 -/-animals had significantly increased velocities compared to WT at 8 months. The data show a significant reduction in mastication rate for Pink1 -/-rats at 8 months suggesting the onset of oromotor dysfunction begins at this time point. Relationships among swallowing variables and neuropathological findings, such as increased alpha-synuclein protein in the nucleus ambiguus and reductions in noradrenergic cells in the locus coeruleus in the Pink1 -/-rats, were determined. The presence of early oropharyngeal swallowing deficits and relationships to brainstem pathology in Pink1-/-rat models of PD indicate that this may be a useful model of early swallowing deficits and their mechanisms. These findings suggest clinical implications for early detection and management of dysphagia in PD.
Introduction
Parkinson disease (PD) affects at least 1% of the population over the age of 65 and 10% of individuals over the age of 80 [1, 2] . The neuropathology of PD is complex and progressive, leading to a wide range of sensorimotor deficits, including deficits in cranial sensorimotor function, resulting in dysphagia, dysphonia, and dysarthria [3] [4] [5] [6] . These systems are linked by common brainstem pathways to peripheral nerves mediating swallowing; however, the specific pathology that correlates to behavioral deficits is unknown. Oropharyngeal swallowing problems in PD include delayed oral transit time, festinated tongue movement, uncontrolled bolus with premature loss to the pharynx, piecemeal deglutition, reduced movement of the hyolaryngeal complex, pharynx, tongue base, and epiglottis, as well as esophageal motility and reflux issues [7] [8] [9] [10] [11] [12] [13] [14] . Complications of dysphagia in PD are severe and may lead to weight loss, diet change, and death from aspiration pneumonia, the leading cause of death in PD [15, 16] . Therefore, understanding the progression and mechanisms of PD will lead to improved treatment plans.
Individuals with PD are diagnosed with swallowing impairments in the later stages of PD, missing early dysfunction in the 'preclinical' or prodromal stages (before significant nigrostriatal dopamine loss) [17] [18] [19] . Consequently, studying humans in the prodromal period is often difficult due to methodological limitations. Thus, animal models of PD offer a means to circumvent these limitations in order to characterize underlying neuropathology, disease mechanisms, and identify potential treatments for dysphagia during the early stages of PD [20] [21] [22] .
Mutations to the Pink1 (PTEN-induced putative kinase) gene in humans have been associated with both an autosomal recessive, early-onset form of PD as well sporadic cases [23] [24] [25] . Evidence indicates that associated deficits within the human Pink1 genetic form of PD may also include voice and swallow deficits similar to idiopathic PD, though this has not been well characterized in terms of onset, progression, and severity [26] . Pink1 -/-rats have been used to study early behavioral deficits [27, 28] . Specifically, Pink1 -/-rats develop sensorimotor deficits, including progressive vocalization and oromotor (tongue, chewing) deficits [27] , as well as observable alpha-synuclein aggregations in brainstem regions (the periaqueductal gray and nucleus ambiguus) important in oromotor behaviors [27, 29] . However, oropharyngeal swallow function has not been evaluated in this model of PD.
Videofluoroscopy, the tool most commonly used to assess abnormalities in oropharyngeal swallowing in humans with PD [30] , has also been used to assess animal models of swallowing in health and disease [31] . The primary aim of this study was to use videofluoroscopy to describe oropharyngeal swallowing in the Pink1 -/-rat and age-matched wildtype (WT) controls. The 4-and 8-month time points were chosen because past data suggest they are semi-analogous to the ages at which early-stage swallowing deficits are thought to be present in humans with PD [32] . We hypothesized that early-onset differences in oropharyngeal swallowing (bolus area, bolus velocity, and mastication rate) would be present at 4 months and worsen at 8 months of age in Pink1 -/-rats compared to WT. The second aim of this study was to interpret past immunohistochemistry findings of early-stage neuropathology, as they relate to the presence of early swallowing deficits in the Pink1 -/-model. We hypothesized that deficits would negatively correlate to tyrosine hydroxylase (TH)-labeled cells, in the locus coeruleus and substantia nigra. Because data suggest the presence of abnormal alpha-synuclein in the nucleus ambiguus [27] , we also used western blotting to quantify alpha-synuclein protein levels with the specific hypothesis that Pink1 -/-rats would have an increased protein compared to WT.
Materials and Methods

Animals and Housing
Thirty-two male Long Evans rats (SAGE Laboratories, Sigma Aldrich) were tested at 4 months of age (Pink1 -/-n = 16, WT = 16) and 24 of these rats were tested at 8 months of age (Pink1 -/-n = 12, WT = 12). Seven to 8 months of age in the rat correspond to approximately 20 years for a human [33] . Mutations in the PARK gene family, including the Pink1 gene, lead to early-onset forms of the disease (approximately 20 years of age). While the clinical characteristics of Pink1-linked Parkinsonism are similar to sporadic Parkinson disease, the age of onset in Pink1-linked Parkinsonism is significantly earlier [34, 35] . Early 'preclinical' signs include deficits in vocalizations prior to the onset of classical motor signs. The 4-and 8-month time points in this rat model are analogous to those in humans with PARK mutations. Like humans, rats have significant vocalizations deficits and motor signs [27, 28] . All rats used in this study were also part of a larger study characterizing cranial and gross sensorimotor dysfunction in homozygous and heterozygous Pink1 -/- [27] . In the larger study, all rats underwent the following behavioral measures: ultrasonic vocalizations, tongue force, pasta biting, gross motor performance, and videofluoroscopy. The data from the videofluoroscopy assay are reported as the basis of this study and the remaining behavioral measures were reported in the previous Grant et al. (2015) study. A subset of rats were euthanized at 4 months (n = 4 per genotype) for immunohistochemical analysis. Please refer to Grant et al. [27] for further details. A separate cohort of animals was used for the alphasynuclein immunoblotting (8 months of age, n = 4 per genotype).
All animals were housed in pairs in standard polycarbonate cages, on a 12:12-h reverse light cycle. Rats arrived at 6 weeks of age and were handled and acclimated to tasks before testing. Food and water were provided ad libitum, although food was restricted overnight for 18 h prior to videofluoroscopy. Body weight was monitored per animal care protocol requirements. All rats maintained standard weight/growth. 
Overview of Testing
To assess oropharyngeal swallowing behaviors, videofluoroscopy was performed at 4 and 8 months of age, following overnight food restriction. Each rat was isolated from its cagemate in its home cage, which was then placed in the radiographic field in the lateral plane, with a 1.8-cm disk placed in the field for calibration purposes. Each rat was given a 5 g peanut butter/5 mL barium sulfate (EZ-M Varibar Nectar) mixture (pudding consistency) positioned on an L-shaped platform secured to the interior of the cage, at the level of the mouth. Each rat was allowed to ingest the peanut butter-barium mixture ad libitum for a maximum of 5 min while images were obtained on a C-ARM fluoroscope model OEC 9800 (GE Medical Systems, Salt Lake City, UT) at a rate of 30 frames per second.
Videofluoroscopy Data Analysis
A customized software program in ImageJ (National Institutes of Health, Bethesda, MD) was used to analyze digitized videos in real-time and in a frame-by-frame manner to determine the following measures (described in detail below): bolus area (mm 2 ), bolus velocity (mm/s), and mastication rate (cycles/s). Two research assistants, masked to condition, rated the videos. Each rater analyzed one-half of the data. For quantitative analysis purposes, three individual swallows were identified and selected as ''clear swallows'' for each rat. Criteria for clear swallows included superior radiographic quality, lateral view, and minimal or no obstruction of the swallow from the animal's positioning. Given the frequent changing of position by the animals, identifying multiple swallows that met all criteria and allowed for accurate measurements was challenging. Regardless, the data obtained from a sample of three swallows are sufficient for fully assessing the oropharyngeal swallowing ability. Measurements were averaged for the three swallows for each rat for the variables listed below.
Bolus area (mm 2 ) was measured after swallow initiation and before the head of the bolus reached C4; the average and maximum bolus area was calculated for each animal. Bolus velocity, defined as the average speed that the head of the bolus traveled from the initiation point (entrance to oropharynx) through five frames (roughly to C4), was calculated (mm/s). The distance measurement and time measurements were used to calculate average and maximum bolus velocity. Head movement that could affect oropharyngeal measures was accounted for by marking the initial and final head position (with a point placed on a stable location, the crown of the head) and adjusting with a calibrated correction factor. Mastication rate refers to the number of complete mandible opening and closing cycles over a period of time (cycles/s). Mastication rate was measured during the oral phase of the swallow, following procurement of the bolus. A frame count of 5 total opening and closings of the mandible was measured. The first five complete mandible opening and closing cycles were assessed, regardless of whether incisors or molars were used.
Tyrosine Hydroxylase Immunohistochemistry
Following 8 month testing, rats were euthanized; brains were collected and processed for immunohistochemical (ir) analysis; the full methods, details, and results are published in Grant et al. [27] . The numbers of TH-ir in both the locus coeruleus (cell count) and substantia nigra (optical density) were averaged for the two sections, and that value was used for correlation analysis (described below).
Alpha-Synuclein Immunoblotting
For a subset of animals (n = 4 per genotype), animals were deeply anesthetized with isoflurane and rapidly decapitated. The brains were dissected out and immediately frozen and stored at -80°C. Brains were sliced in the coronal plane on a cryostat to a 250 lm thickness at -15°C, and mounted on gelatin-coated glass slides. 1-mm tissue samples within the nucleus ambiguus (Bregma -12.36 mm, approximately) were micropunched using the Brain Punch Set (Stoelting, Wood Dale, IL, USA) under a dissection microscope over dry ice. Tissue from the left and right hemispheres was taken, where the cerebellum and 4th ventricle were present [36] . Anatomically equivalent sections were used from each animal. Because of the size of the region of interest, samples for each genotype were pooled for adequate protein concentrations for analysis; pooled genotype samples were run in triplicate.
Supernatant was mixed with a pre-calculated volume of 2 9 Laemmli buffer (Bio -Rad, #161-0737) with 2-mercaptoethanol. Extracted protein samples (35 lg of total protein from each animal as determined by BCA assay analysis) were pooled per genotype, denatured at 95°C for 5 min, and lysates were resolved on a Criterion Precast Gel (4-20% gradient Tris-HCl-polyacrylamide gels, 1.0 mm, 12 9 2 Well Comb, Bio -Rad, #3450032). Prestained protein standards (Precision Plus Protein Dual Xtra Standards, Bio-Rad, #161-0377) were included on gels as molecular mass markers. Samples were subjected to electrophoresis in 109 Tris-buffered saline buffer with glycine (TBS, Bio-Rad, #161-0771) for 1:15 h at 125 V and then transferred in 109 TBS with glycine (Bio-Rad, #170-6435) with 20% methanol for 1.5 h at 100 V onto 0.2-lm nitrocellulose membranes (Bio-Rad, #1620112). Membranes were blocked with filtered 5% Bovine Serum Albumin (BSA, Fisher, #BP-1600) in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h at 4°C with constant agitation. Blots were probed with primary antibodies (antialpha-synuclein, 1:1500, Millipore #AB5038) and loading control (anti-actin, 1:1000, Millipore #MAB1501) in TBS-T containing filtered 5% BSA overnight (minimum 16 h) at 4°C with constant agitation. Following primary antibody incubation, blots were washed in TBS-T 6 9 10 min and then probed with horseradish peroxidase-conjugated antirabbit IgG (1:10,000 dilution, Cell Signaling Technology Inc., #7074S) and anti-mouse IgG (1:10,000 dilution, Cell Signaling Technology Inc., #7076S)). Blots were washed in TBS-T 6 9 10 min and enhanced chemiluminescence substrate with Super Signal West Pico (Thermo Scientific, #34080) was used to develop immunoblots using a ChemiDoc-IT2 Imager (UVP, LLC). ImageJ (National Institutes of Health) was used to analyze grayscale band density normalized to actin internal controls.
Statistical Analysis
Two-way repeated measures ANOVA was used to examine comparisons for behavioral measures (bolus area, velocity, mastication rate) and the two independent variables, genotype (Pink1 -/-, WT) and age (4, 8 months) . Main effects and interactions were examined. Post hoc analysis was performed with Holm-Sidak comparisons. Pearson correlation analysis was performed for the variables of swallowing behavior (bolus area, bolus velocity, mastication rate) presented in this study, and TH-ir in the substantia nigra and TH-ir cell counts in the locus coeruleus, which was published in the previous study. Critical level of significance was set a priori at 0.05. Data were rank transformed for mastication rate, but not bolus area or velocity, as data failed to conform to assumptions for ANOVA.
For immunoblotting, a Gel Analysis method outlined in the ImageJ documentation was used (http://rsb.info.nih. gov/ij/docs/menus/analyze.html#gels). Paired Students' t test was used to evaluate alpha-synuclein protein concentration differences between genotypes. Interclass correlation coefficients were used to determine inter-and intra-rater reliability on 10% of the swallows. Prior studies in our lab have shown that re-analyzing 10% of collected data yields adequate data for assessing inter-and intra-rater reliability. The purpose of rater reliability measures is to ensure accuracy and this is accomplished by having a detailed methods protocol, intraclass correlations on the reliability data, and by spot-checking after analysis.
Results
Data for bolus area and bolus velocity at both 4 and 8 months are displayed in Fig. 1 . For mastication rate (Fig. 2) , one animal in the WT group did not exhibit five consecutive openings and closings of the mandible at 8 months, and thus data from this animal were excluded for a total of n = 11 for the WT group.
Bolus Area
There were no significant interactions between age and genotype for the average bolus area [F(1,40) = 0.66, p = 0.29] (Fig. 1a) or maximum bolus area [F(1,40) = 0.36, p = 0.55] (Fig. 1b) . Pink1 -/-rats showed an increase in bolus area compared to WT; there was a main effect of genotype [F (1,40) 
Bolus Velocity
There were no significant age by genotype interactions for average bolus velocity [F(1,39) = 0.062, p = 0.81] (Fig. 1c) or maximum bolus velocity [F(1,39) = 0.24, p = 0.63] (Fig. 1d ). There was a main effect of genotype for average bolus velocity; Pink1 -/-rats had significantly increased velocities compared to WT 
Mastication Rate
For mastication rate, there was a significant interaction between age and genotype [F(1,21) = 4.88, p = 0.038] (Fig. 2a) . Pink1 -/-rats had significantly slower mastication rates at 8 months compared to 4 months (p \ 0.001). There was not a significant difference in mastication rate for the WT animals between 4 and 8 months (p = 0.536). There were also no significant differences in mastication rate between Pink1 -/-and WT at either 4 months (p = 0.225) or 8 months (p = 0.128). The non-significant finding between genotypes at 8 months may be due to the spread of variation within the WT animals, observable with the bar-whisker plots.
Immunohistochemistry Summary
A detailed report of immunohistochemistry findings can be found in Grant et al. [27] . To summarize, Pink1 -/-rats showed decreased TH-ir in the locus coeruleus, and decreased TH-ir in the substantia nigra at 8 months of age. The amount of TH-ir was not significantly reduced in the striatum at 8 months for either genotype. At 8 months, Pink1 -/-rats exhibited differences in alpha-synuclein aggregation as compared to WT rats. Pink1 -/-rats showed the densest aggregation in the periaqueductal gray, substantia nigra pars compacta, locus coeruleus, and nucleus ambiguus and no aggregation in the striatum. WT rats did not show alpha-synuclein aggregates in any of the regions examined [17] .
Correlation Analysis
Pearson correlation analysis revealed a significant positive correlation between mastication rate and TH-ir counts in the locus coeruleus (df = 11; r = 0.77, p = 0.0046; Fig. 2b ), but not the substantia nigra (df = 16; r = -0.25, p = 0.35). Average bolus area and maximum bolus area did not correlate with TH-ir in the locus coeruleus (df = 11, r = -0.26, p = 0.41; df = 11, r = -0.61, p = 0.25) or the substantia nigra (df = 17, r = 0.05, p = 0.85; df = 17, r = -0.03, p = 0.91) (data not displayed). Additionally, average and maximum bolus velocity was not correlated with TH-ir in the locus coeruleus (df = 11, r = -0.03, p = 0.92; df = 11, r = 0.02, p = 0.96) or the substantia 
Alpha-Synuclein Immunoblotting
Pink1 -/-rats (mean = 0.43, SEM = 0.00063) had significant increased alpha-synuclein protein in the nucleus ambiguus compared to WT (mean = 0.29, SEM = 0.015) (t(2) = -9.38, p = 0.011; Fig. 3 ).
Rater Reliability
Rater reliability was determined with interclass correlation coefficients (ICC). For bolus velocity, the ICC was 0.85. Inter-rater reliability was found to be 0.99 for mastication rate. Intra-rater reliability for rater 1 was 0.99 and for rater 2 was 0.90 for mastication rate.
Discussion
PD significantly influences swallowing, which negatively affects quality of life and contributes to aspiration pneumonia [16, 37] ; however, the underlying mechanisms for PD-related dysphagia are unknown. Dysphagia research using animal models, including the Pink1 -/-model of PD, has the potential to shape practice and treatment in the human population [22] . The primary purpose of this study was to use videofluoroscopy to determine whether early oropharyngeal swallowing impairments are evident in the Pink1 -/-genetic rat model of PD and to relate these deficits to early neuropathological changes. Additionally, data from a previously published study were used to examine brainstem regions important to oropharyngeal swallowing assayed for the presence of TH-ir [27] . Correlation analyses were used to determine whether immunohistochemical findings were related to behavioral swallowing deficits.
Previous reports show that mastication rates and bolus velocities decrease with age in rats [31] . Past studies have also shown that parkinsonian rats (severe unilateral lesion to the medial forebrain bundle) have significantly smaller bolus areas compared to aged rats, but increased bolus speeds [31] . Together, these data suggest that the combination of age and neurodegeneration plays a significant role in swallowing physiology. Compared to WT rats, Pink1 -/-rats exhibited a significant reduction in mastication rate from 4 to 8 months, suggesting early impairment in the oral stage of swallowing. We previously reported that Pink1 -/-rats also demonstrated more irregular and inconsistent biting patterns than the WT group in a pastabiting task [27] . There were also significant genotype differences observed between groups for bolus area and bolus velocity. Specifically, Pink1 -/-rats took significantly larger bolus sizes and had increased oropharyngeal velocities. Similar to other behavioral phenotypes in this model, the Pink1 -/-rat may have deficits in grading fine motor patterns that lead to initial increases in measures of motor behavior [27] . With respect to the increased velocity seen, it may be that the increased bolus velocity observed in the Pink1 -/-rats represents the difficulty with bolus control and premature loss to the pharynx that is often seen in the human PD population. With a reduction in oral control, bolus transit may be impacted. This is clinically relevant to humans as this may contribute to premature loss of the bolus to the pharynx, resulting in aspiration before the swallow. The study also demonstrated variability in swallowing outcome measures at 4 months, which may be explained by increased within-individual variability often seen in motor tasks such as walking, finger tapping, speech, and swallowing [30, [38] [39] [40] .
This study used the first three clearly observable swallows in a trial, and future studies should evaluate feeding over time. In general, this study is highly significant because oropharyngeal swallowing deficits have not yet been characterized in this progressive, genetic rodent model. Understanding the onset, progression, and nature of swallowing deficits can ultimately improve treatment for PD-related dysphagia.
We found that reductions in TH-ir in the locus coeruleus of Pink1 -/-rats were significantly correlated with reductions in mastication rate in Pink1 -/-rats. However, TH density in the substantia nigra was not linked to mastication rate. This finding suggests that brainstem noradrenergic mechanisms may contribute to early swallowing dysfunction in PD, independent of loss of nigrostriatal dopamine, although this study did not directly test that hypothesis. Additionally, this finding is consistent with evidence that oropharyngeal dysphagia, and other cranial sensorimotor deficits, such as dysphonia and dysarthria, do not respond to treatments that target nigrostriatal dopamine depletion [41] [42] [43] . Given that the pathology in PD is widespread [44] [45] [46] and includes compromise of nondopaminergic brainstem regions and neurotransmitter systems [45, 46] , the positive correlation between mastication rate and TH-ir suggests that compromise of the locus coeruleus contributes to early oropharyngeal swallowing deficits in the Pink1 -/-rat model of PD.
In addition to reductions in TH-ir, previous data have revealed evidence of additional pathology outside of the nigrostriatal dopamine system in Pink1 -/-rats at 8 months of age [27, 29] . Specifically, there is evidence of alpha-synuclein aggregation in the nucleus ambiguus and periaqueductal gray [27, 29] , which may also contribute to the preclinical manifestation of cranial sensorimotor deficits. Here, we show quantified evidence of increased alphasynuclein protein concentrations in the nucleus ambiguus of Pink1 -/-rats, compared to WT. These data are consistent with the published report of proteinase K-resistant alpha-synuclein aggregations in multiple brainstem regions of the Pink1 -/-rat [27] . The nucleus ambiguus contains the motor neurons that innervate muscles of the palate, pharynx, larynx, and striated esophagus associated with swallowing in the rat [47, 48] . These findings, coupled with evidence that functional swallowing is also affected, reveal the importance of further characterizing non-dopaminergic mechanisms such as neuronal loss in the locus coeruleus and alpha-synuclein aggregation in pertinent brainstem regions in the manifestation and treatment of cranial sensorimotor deficits. This rat model provides us with behavior in combination with the ability to evaluate pathology in tissues within a controlled environment, which is nearly impossible to attain in human subjects. Identifying preclinical signs including deficits in swallowing behavior and detecting the pathology/mechanisms underlying the dysfunction will ultimately lead to better treatments.
The role of nigrostriatal dopamine loss on oromotor dysfunction and oropharyngeal dysphagia in PD is unclear. Rodent neurotoxin models that cause significant nigrostriatal dopamine depletion certainly lead to swallow deficits [31, 49] . For example, Russell et al., using a medial forebrain bundle 6-OHDA infusion to cause nigrostriatal dopamine depletion, found significant decreases in mastication rate and bolus size per swallow [31] . Other differences in aspects of swallowing between the 6-OHDA and genetic models have been reported elsewhere [27, 50] , suggesting different manifestation of swallowing deficits depending upon the model. Importantly, Grant et al. [27] do not report significant differences in nigral or striatal THir between genotypes. While it is clear that nigrostriatal dopamine does play a role in regulating muscle movements for swallowing, there are clearly other mechanisms associated with certain swallowing deficits, especially in the early stages of PD. Specifically, we show a significant decrease in mastication rate in the Pink1 -/-model between 4 and 8 month of age; this corresponds to the increased presence of alpha-synuclein aggregation in brainstem regions, including the nucleus ambiguus, important for vocalization and swallowing behaviors [27, 29] . However, while the inter-and intra-rater reliability measures were very high, a significant limitation of this work is the capture rate (30 frames/s) and resolution of the video used for analysis [51] .
Swallowing is a complex motor behavior modulated and regulated by neural substrates throughout the entire brain, with both cortical and subcortical inputs [52] [53] [54] [55] [56] . As such, it is reasonable to postulate that in the early stages of PD, early degeneration of brain structures extraneous to the nigrostriatal pathways may lead to the early swallowing deficits currently seen in the human population [57, 58] , which is consistent with our translational rodent model. The pathophysiology of PD is complex and the neural mechanisms underlying the manifestation and treatment of cranial sensorimotor deficits, such as oropharyngeal dysphagia, remain vastly understudied and, consequently, undertreated. However, the presence of significant early swallowing deficits in a genetic model of PD, in addition to early neuropathology identified in other areas of the brain important for swallowing, provides the impetus to explore neural mechanisms beyond striatal dopamine depletion.
